ethyl-benzthiazolin-6-sulfonate) (Boehringer Mannheim Biochemicals, Indianapolis, IN 66250) intO mL of water. This solution is stable for six months at 4 #{176}C.
Working substrate solution.
Dilute 0.5mL of the chromogenic reagent to 10 mL with citrate buffer 1. To this add 0.2 mL of hydrogen peroxide (6.0 g/L). This solution is stable for 8hat4#{176}C.
Reaction tubes. Polystyrene test tubes, 12 X 75mm (Falcon culture tubes; Fisher Scientific Co., Dallas, TX 75240).
Sodium azide solution. Dissolve 1.0 g of sodium aside (Sigma Chemical Co.) in 100 mL of water.
Ferritin standard. Ferritin from human spleenwas isolated and purified by the method of Drysdale and Munro (16) , which involves ion-exchange chromatography on a carboxymethyl-cellulose column followed by molecular-sieving and gel chromatography on a column of Sephadex G-200. Ferritin was further purified by precipitation with CdSO4 (17) . Gel electrophoresis gave one sharp band near the origin when CoomassieBrilliant Blue R-250 dye was used to develop the gels.Protein concentration of the isolated purified ferritin was determined by the modified Lowry method of Stauffer (18) with bovine serum albumin as a standard. A sample of our isolated purified ferritin was then sent to Dr. D. A. Lipschitz of the University of Kansas Medical Center, Kansas City, KS 66103, for ferritin determination by radioimmunoassay. The value for ferritin concentration of our standard reported by Dr. Lipschitz's laboratory, which was almost equal to the value we found with a commercial radioimmunoassay kit (Ramco Laboratories, Inc., Houston, TX 77098), was used when we prepared working standards in this study. The ferritin standard was stored in diethylbarbiturate buffer (50 mmolfL, pH 8.0, containing 9.0 g NaCl, 1.0 g of bovine serum albumin, 1.0 mL of normal rabbit serum, and 200 mg of sodium aside per liter) at 4 #{176}C.
Anti-f erritin rabbit IgG. New Zealand white male rabbits
were each injected in the foot-pads, shoulders, and flanks with 1.0 mg (in 1.0 mL of saline) of human spleen ferritin in an equal volume of Freund's complete adjuvant. A booster shot, in the same dose, was given one month later and the rabbits were bled two weeks after the booster shot. Reactivity and The first step in this procedure produces a "peroxidase aldehyde," as follows: Dissolve 5.0mg ofperoxidasein1.0mL of0.3mol/L sodium bicarbonate and gentlymix with0.1 mL of a 10 g/L solution of fluorodinitrobenzene (Sigma Chemical Co.) in ethanol for 1 h at room temperature. To this, add 1.0 mL of a 80 mmolfL solution of sodium periodate (Sigma Chemical Co.) in water and mix gently for 30 mm at room temperature. Add 1.0mL ofa 0.16mol/L solution ofethylene glycol (Aldrich Chemical Co., Milwaukee,WI 53233)and mix gentlyfor 1 h at room temperature.Dialyzethe reaction mixtureincarbonatebuffer(10mmol/L, pH 9.5)forone day at 4 #{176}C with several bufferchanges.The "peroxidasealdehyde" is stable for at least one month at 4 #{176}C.
Enzyme-IgG conjugate is separated from free enzyme and free IgG as follows: Concentrate the dialyzed reaction mixture to 0.5 mL on a CF-50A membrane filter cone (exclusion limit, M 50000; Amicon Corp., Lexington, MA 02173) and pass it through a 0.75 cm )< 30 cm column of Sepharose 6-B (Pharmacia Fine Chemicals, Piscataway, NJ 08854) that has been equilibrated in the phosphate-saline buffer.
The conjugate is eluted as a dark brown band emerging in the void volume and stored at -20 #{176}C in the presence of bovine serum albumin (20 g/L). The conjugate is stable in these conditions forat least fourmonths.
Determination of Ferritin by Immunoradiometric Assay
The concentration of ferritin in serum was also determined by a solid-state immunoradiometric assay(6)with use of an 1251-labeled antibody prepared by the method of Ward et al. (20) .
Assay Procedure
Add 0.2 mL of bovine serum albumin buffer to the antibody-coated reaction tube and incubate for 30 mmat room temperature. Aspirate the buffer, add 0.1 mL of ferritin standard inbovineserum albumin bufferorserum diluted 10-fold withbovineserum albumin buffer and incubate for 2 h at37 #{176}C. Wash the tube threetimeswith 0.2 mL of bovine serum albumin buffer, add 0.1mL oftheconjugate diluted in bovine serum albumin buffer, and incubate for 2 h at room temperature. Wash the tube three times with 0.2 mL of phosphate-. saline buffer, add 0.1 mL of the working substrate solution, and incubate for 1 h at room temperature. Stop the reaction by adding 25 L of sodium aside solution, add 0.5 mL of citrate buffer 2 (pH 2.8), and measure the absorbance at 410 nm.
Note: Sodium aside is an explosive and its use as a clinical laboratory reagentmay be prohibitedin some locations. If sodium aside cannot be used, stop the reactionby usinga larger volume (1.0 mL) of citrate buffer 2.
Results
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Fig. 2. Conjugate dilution
Dose-responsecirves for ferritin producedby usingperoxidase-IgOconjugate diluted 10-fold(0-0), 25-told(#{149}-#{149}), 50-told (X-X), and 100-fold(-) with bovine serum albumin buffer concentration of 5 mg/L for the assay. As also shown in Figure  1 ,tubescoated with diluted anti-ferrin rabbit serum will give a less sensitive assay.
Conjugate dilution.
The optimal dilution of the conjugate was determined from a standard curve obtained by using tubes coated with 5 mg/L IgG and conjugate diluted 100-, 50-, 25-, and 10-fold with bovine serum albumin buffer. Because the 50-fold dilution was the highest dilution of the conjugate at which the standard curve is still linear (Figure 2 ), the conjugate is diluted 50-fold for this assay. We suggest, however, that users determinetheir own dilution factor, because it may vary with each preparation of conjugate.
Sample size. Ferritin is often measured in serum samples from anemic patients; many of them may be children. Hence it is imperative tokeep theamount of serum sample to be used per assay to a minimum. We obtained standard curves, using various volumes of standards, and found that even though a larger volume of the standard gave a higher dose response, the linearity of the standard curve was unchanged when the sample volume was reduced from 500 tL to 100 jL. Hence we decided to use 100 1zL of standards or diluted serum samples per assay, and, becausewe dilute serum samples 10-fold with bovine serum albumin buffer, we need only 10 rL of serum per assay.
Incubation time and temperature.
To determine the optimal time and temperature for the first reaction in the assay in which ferritin from the sample is bound to the solid-phase antibody, we incubated 0.1 mL of the highest standard (25 tg/L) in the reaction tube at room temperature and at 37 #{176}C relatively low substrate concentrations that support optimal reaction rates, we incubated 0.1 mL of the working substrate solution containing the optimal amounts of hydrogen peroxide and 2,2'-azino-di(3-ethyl-benzthiazolin-6-sulfonate) for different intervals in the reaction tubes, ihich had been incubated with the moat concentrated standard (25 gfL) and 50-fold diluted conjugate as described before. The reaction is almost linear for 90 mm ( Figure 6 ). We recommend an incubation of 1 h for the enzyme reaction, to ensure that the substrate is in excess during the enzyme reaction.
We would like to stress that adherence to the optimal concentration of working substrate solution and incubation of 1 h for the enzyme reaction is essential for the success of this assay.
Standard curve. The standard curve was consistently linear for ferritin concentrations up to25 gfL. The standard curve was less nearly linear at concentrations between 25 ug/L and 100 g/L. We, however, did not observe the high dose "hook" effect described by Miles et al. (6) , which caused a "paradoxical fall" in dose response at doses of ferritin greater than 50 ,ug/L in their immunoradiometric assay. Nor did we observe any significant inhibition of dose response by serum proteins. As shown in Figure 7 , when a serum specimen was assayed before and after a 2-, 5-, 10-, and 20-fold dilution with bovine serum albumin buffer, an almost linear curve, identical to the standard curve, was obtained.
The normal range of serum ferritin concentration In another study, conducted in our laboratory, serum samples from 696 adults (261 men, 493 women) of all ages living in the Albuquerque metropolitan area showed a range of ferritin concentration of 8-380 tg/L (average: men, 91.3 ± 1.7 ig/L; women, 49.5 ± 2.9 ig/L).
The most nearly linear portion of our standard curve (0-25 zg/L), which is for different intervals. The tubes were then processed as described. As shown in Figure 3 , equilibrium was reached in 2 h at either 37 #{176}C or room temperature, but at 37 #{176}C binding of ferritin was considerably greater, as indicated by the higher absorbance at each incubation time.
The optimal time and temperature required for the second reaction in which the enzyme-IgG conjugate is bound to ferritin was similarly determined by incubating the most concentrated standard (25 tg/L) at 37 #{176}C for 2 hand 50-fold diluted conjugate for different intervals at room temperature and 37 #{176}C. As shown in Figure 4 , equilibrium was reached in 2 h at room temperature, but at 37 #{176}C less conjugate was bound after 1 h and even less after 2 h, which may indicate instability of the enzyme or of the enzyme IgG conjugate.
Substrate concentration and the time of enzyme reaction. To ensure zero-order kinetics during the peroxidase reaction it is essential to have an excess of the two substrates in the reaction mixture. To establish whether the kinetics for our reaction mixture are zero order, we incubated the highest standard (25 tgfL) for 2 hat 37#{176}C in a series of reaction tubes, followed by incubation of 50-fold diluted conjugate for 2 hat room temperature. After washing the reaction tubes, we added 0.1 mL of the working substrate solution in which either the concentration of hydrogen peroxide or that of 2,2'-azinodi(3-ethyl-benzthiazolin-6-sulfonate) was varied while keeping the concentration of the other constant. After 1 hat room temperature we stopped the reaction and measured absorbance as described under Assay Procedure. The amount of color generated during the enzyme reaction increases to an optimum with an increase in the amount of hydrogen peroxide or 2,2'-azino-di(3-ethyl-benzthiazolin-6-sulfonate) ( Figure  5 ). At concentrations greater than this, the enzyme is apparently inhibited, as indicated by the decreasing absorbance values.
To ensure that zero-order kinetics are maintained at the shown in Figure 7 , should encompass the normal range of ferritin concentration in sera of healthy as well as iron-deficient patients because we dilute serum samples 10-fold in this assay. Serum samples with ferritin concentrations greater than 250 zg/L can be reassayed at higher dilution.
Validity. We checked the validity of our assay by assaying 33 serum samples by the immunoradiometric assay of Miles et al. Analytical recoveries ofvarious amounts of standards added to a serum sample, as shown in Table 1 , ranged from 93% to 110% (average: 99.9%).
Precision.
We evaluated the "within-run" precision of the assay by assaying two serum samples 10 times in one assay and the "between-run" precision by assaying them in 10 consecutive assays. The precision in both cases was adequate ( Table   2) .
Sensitivity.
The sensitivity of an enzyme immunoassay can be defined as "the smallest amount of antigen or antibody giving a response which is distinguishable from the response in the absence of antigen or antibody" (22) . The lowest concentration of ferritin that produced a response greater than that produced in the absence of ferritin, as calculated from the 95% confidence limits at the zero point of the standard curve, was 1.0 jzg/L, which translates to 10 pg per assay tube, because each assay requires 10 ML of serum.
Hence, the sensitivity of the present EIA is10 pg.
Discussion
Enzyme immunoassays (EIA's) have considerable advantages over radioimmunoassays: lack of radiation hazards, greater stability of label, higher throughput, and ease of automation, among others. The EIA's available for assay of a variety of antigens and antibodies are as sensitive as the corresponding RIA's and are easier to perform (22) . For serum ferritin, however, there is no EIA available that is both sensitive and easy. The solidphase EIA's described by Thbriault and Page (12) Recently, Watanabe et al. (14) described another EIA for serum ferritin, which is considerably more sensitive than any of the previously reported EIA's for serum ferritin. It is also a solid-phase EIA, in which the solid-phase antibody is rabbit IgG adsorbed to a piece of silicone rubber. The enzyme label is a conjugate of f3-D-galactosidase and antibody Fab'. Even though conjugation of the Fab' portion of the antibody instead of the whole antibody with the enzyme increases the sensitivity of the assay, the laborious preparation requires considerable skill and experience in column chromatography. The assay procedure is also lengthy and requires 50 iL of serum.
Our EIA involves considerably easier methods for preparation of the enzyme label and solid-phase antibody. The assay procedure is also simple, relatively short, and requires only 10 L of serum. The minimal detectable dose is 10 pg of ferritin. The smallest concentration of ferritin that can be measured by the EIA of Watanabe et al. is 0.25 igfL. Because that EIA requires 50 iL of serum per assay, the least ferritin that can be measured is 12.5 pg, which is essentially equivalent to that of our assay.
Our assay offers a precise and feasible EIA for serum ferritin and can be used as an alternative to radioimmunoassay by laboratories wishing to avoid radioimmunoassay.
